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Paper mill sludge (PMS) is a residual biomass that is generated at paper mills in large 
quantities. Currently, PMS is commonly disposed in landfills, which causes environmental 
issues through chemical leaching and greenhouse gas production. In this research, we are 
exploring the potential of fast pyrolysis process for converting PMS into useful bio-oil and 
biochar products. We demonstrate that by subjecting PMS to a combination of acid hy¬ 
drolysis and torrefaction pre-treatment processes it is possible to alter the physicochem¬ 
ical properties and composition of the feedstock material. Fast pyrolysis of pretreated PMS 
produced bio-oil with significantly higher selectivity to levoglucosenone and significantly 
reduced the amount of ketone, aldehyde, and organic acid components. Pretreatment of 
PMS with combined 4% mass fraction phosphoric acid hydrolysis and 220 °C torrefaction 
processed prior to fast pyrolysis resulted in a 17 times increase of relative selectivity to¬ 
wards levoglucosenone in bio-oil product along with a reduction of acids, ketones, and 
aldehydes combined from 21 % to 11 %. Biochar, produced in higher yield, has character¬ 
istics that potentially make the solid byproduct ideal for soil amendment agent or sorbent 
material. This work reveals a promising process system to convert PMS waste into useful 
bio-based products. More in-depth research is required to gather more data information for 
assessing the economic and sustainability aspects of the process. 

© 2014 Elsevier Ltd. All rights reserved. 


1. Introduction 

This study explores the use of paper mill sludge (PMS) as a 
potential feedstock for the production of useful bio-based 
products. Paper mill sludge (PMS) is a type of residual 
biomass that is generated at every paper mill as a solid 
byproduct of pulping and papermaking operations [1]. On 
average, 35% of a paper mill's feed material becomes 


undesired materials in the forms of wastes, mainly PMS 2]. 
Paper mills generate PMS at a daily rate of 15 Mg up to 200 
Mg or more depending on the capacity of the mills [1]. In 
North America, the United States of America and Canada, 
respectively produce 5 Tg and 1.5 Tg of PMS annually [1,3]. 
These numbers expand worldwide to approximately 10,000 
paper mills in operation, creating an abundant supply of the 
sludge. 
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Currently, PMS is commonly disposed in landfills, causing 
environmental problems through chemical leaching and 
greenhouse gas production. Studies show that the disposal of 
PMS has negatively affected plant growth in the area [4]. 
Adding to the problem, landfills are becoming increasingly 
difficult to site and more expensive due to increased regula¬ 
tions, decreased land availability, and public oppositions. The 
number of landfills is also decreasing rapidly in the United 
States from 8000 in 1988 to an estimated 1900 in 2010 [5]. These 
problems have caused remediation of PMS to be as high as 60% 
of a plant's operating costs [6]. Rising costs have made alter¬ 
native methods of use or disposal for PMS an economic 
priority. 

Research and development efforts on utilizing PMS effi¬ 
ciently and economically are being done in many different 
areas although still limited. PMS has found use for improving 
the quality of soils, i.e. as composting materials [3] and as feed 
for soil-dwelling earthworms [7]. Converting PMS to activated 
carbons and biocatalysts for adsorption purposes is also 
gaining interest [8—10]. In addition, the use of PMS as fuel for 
combustion process has been explored 11]. For the produc¬ 
tion of biofuels, PMS has been reported as an attractive source 
for biomass conversion to ethanol since it is a pre-processed 
biomass that is more readily accessible for enzymatic hydro¬ 
lysis [12,13]. A recent economic analysis study on the con¬ 
version of PMS to ethanol has indicated that the process is 
economically profitable [14]. The present study explores the 
potential of fast pyrolysis for converting PMS into high-quality 
bio-oil and biochar products since reported studies on con¬ 
version of PMS by pyrolysis are still limited [9,15]. 

Fast pyrolysis is a thermochemical conversion process in 
which biomass is decomposed to produce a liquid (bio-oil), a 
solid (biochar), and a non-condensable gas mixture (syngas) 
by exposing biomass to heat, typically at 500 °C, in the absence 
of oxygen [16]. Liquid bio-oil is composed of hundreds of 
chemical constituents from various chemical groups, pri¬ 
marily anhydrosugars, phenols, furans, ketones, aldehydes, 
and carboxylic acids, whose compositions affect the physi¬ 
cochemical properties of bio-oil. Among its many potential 
uses, bio-oil is most economically attractive to be used as in¬ 
termediate feedstock for the production of transport liquid 
fuels and value added chemicals. Quality bio-oil as interme¬ 
diate feedstock for transport liquid production requires a 
reduction in ketones, aldehydes, and carboxylic acids, since 
high presence of these oxygenated compound cause bio-oil to 
be highly acidic, highly polar, chemically unstable, and low in 
heating value [17]. The high polarity of bio-oil makes it 
immiscible with crude oil, making it difficult for using bio-oil 
as a co-feedstock in petroleum refineries. Furthermore, 
while many chemical constituents in bio-oil are valuable, 
their contents are low, making their recovery technically 
difficult and costly. As feedstock for the production of value- 
added chemicals, specific bio-oils that have high contents of 
target chemical products, need to be produced. 

Among various factors that affect biomass pyrolytic path¬ 
ways and their subsequent products, the selection of biomass 
could be the most important one. Although fast pyrolysis is 
‘agnostic’ to the biomass feedstock, the selectivity and yield of 
fast pyrolysis bio-oil and biochar products and their quality 
and properties are dependent on biomass' physicochemical 


properties, particularly the amounts of its three primary 
components (cellulose, hemicellulose, and lignin) and inor¬ 
ganic matter [18]. It is well-known that inorganic minerals in 
biomass have significant impact on pyrolytic pathways, 
altering the pyrolysis products. Specifically, alkali metals are 
important in selective decomposition, from which more 
organic acids are formed, lowering bio-oil quality [19]. 
Therefore, controlling the content of inorganic components in 
biomass feedstock is important in producing quality bio-oil 
yield and composition. 

In addition to bio-oil, this study also focuses on the biochar 
product. Biochar is the solid product of fast pyrolysis, which 
only recently has gained attention for its economic value. 
While biochar can also be valued as a fuel due to its energy 
content, research has shown that biochar application to in¬ 
crease soil organic carbon (SOC) and improve the supply of 
nutrients to plants, enhancing plant growth and soil proper¬ 
ties, may be economically preferred [20,21]. The carbon 
component in biochar is primarily fixed in aromatic form, 
making it resistant to decomposition as a soil amendment as a 
carbon sequestration agent [22]. Similar to the bio-oil product, 
the physicochemical properties and composition of biochar 
also vary depending on the biomass feedstock and the con¬ 
ditions of the pyrolysis used for producing the biochar [23]. 

This study aims to demonstrate the feasibility of producing 
high quality PMS-derived bio-oil from by subjecting the PMS 
feedstock with a pre-treatment process, specifically a com¬ 
bined acid hydrolysis and torrefaction process, to modify the 
physicochemical properties of paper mill sludge prior to py¬ 
rolysis. Fig. 1 shows three process paths of converting PMS by 
using fast pyrolysis approach for producing bio-oil and bio¬ 
char products. The three process paths are based on the pre¬ 
treatment steps applied to the PMS feedstock prior to fast 
pyrolysis. In Path I, PMS is pyrolyzed without any pretreat¬ 
ment step. In Path II, PMS is pretreated by torrefaction fol¬ 
lowed by pyrolysis. Finally, in Path III, PMS is pretreated by 
using a combination of acid hydrolysis and torrefaction pro¬ 
cesses followed by pyrolysis. The three process paths were 
evaluated and compared by analyzing the properties of PMS 
feedstock after undergoing each treatment step and the yields 
and composition of the bio-oil and biochar products. 

In this study acid hydrolysis and torrefaction processes 
were selected for modifying biomass structure. In biochemical 
processes, lignocellulosic biomass is recalcitrant to enzymatic 
hydrolysis because of the heterogeneous character of biomass 
particles, the crystalline structure of cellulose, the low surface 
area, the protective seal of lignin, and the sheathing of 
hemicellulose [24]. Chemical pretreatment by acid hydrolysis 
breaks the lignin seal and disrupts the cellulose structure to 
make cellulose and hemicellulose more accessible to further 
decomposition [25]. In addition to its structural modification 
of biomass, acid hydrolysis also modifies/reduces the content 
of inorganic minerals to improve the quality of pyrolysis 
products by eliminating the production of undesired oxygen¬ 
ated compounds. Various acids, such as sulfuric acid, hydro¬ 
chloric acid, and phosphoric acid, have been used for 
hydrolyzing biomass [26] . For the production of sugars, the use 
of these strong acids causes severe decomposition of biomass 
resulted in the production of furfural and organic acids [27]. In 
this work, phosphoric acid was used for pretreating PMS. In 
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Fig. 1 - Studied process routes for converting paper mill sludge (PMS) to bio-oil and biochar via pyrolysis. (I) Direct fast 
pyrolysis, (II) Torrefaction + fast pyrolysis, (III) Acid hydrolysis + torrefaction + fast pyrolysis. 


contrast to sulfuric and hydrochloric acids, phosphoric acid is 
less aggressive, which can be more advantageous for hydro¬ 
lysis. The use of phosphoric acid reportedly decreases the 
production of furfural and acetic acid in the treatment of 
lignocellulosic biomass [27]. For biomass pyrolysis, an addi¬ 
tion of phosphoric acid to biomass prior pyrolysis is known to 
promote selective pyrolysis of cellulose, producing bio-oil 
with high selectivity to levoglucosenone 28,29]. Phosphoric 
acid addition to biomass could also be beneficial for the uti¬ 
lization of biochar for the production of activated carbon and 
for soil amendment. Phosphoric acid has been known to 
catalyze the production of activated carbon from biomass [30]. 
Phosphorus is a key plant nutrient, thus additional phospho¬ 
rous in biochar could make it a more effective soil enhance¬ 
ment agent. 

Torrefaction is a thermochemical process in which 
biomass is exposed to heat for an extended period of time 
between 200 and 300 °C in the absence of oxygen, resulting in 
energy densification of the biomass product [31]. Energy 
densification improves the quality and efficiency of the 
biomass for use in pyrolysis. In addition to densifying energy 
content, torrefaction also reduces the hydroscopic property of 
biomass, making the biomass absorb less moisture when 
stored 32]. At lower torrefaction temperatures hemicellulose 
degrades and lignin polymerizes while cellulose is mainly 
unaffected [32]. However, temperatures above 250 °C result in 
extensive devolatilization and carbonization of hemicellulose 
along with limited cellulose degradation [33]. To avoid 
extensive degradation, a temperature of 220 °C for 30 min was 
utilized in this study. 


2. Materials and methods 

2.1. Paper mill sludge samples 

The PMS samples were obtained from Finch Paper LLC, an 
acid-type paper mill company located in Glens Falls (43.30862 
N, 73.63895 W) in the State of New York, U.S.A. PMS material 
was produced from processing 1.14—1.51 dm 3 s -1 of effluent 


waste water from the paper mill, power plant and pulp mill. 
The effluent contains chemicals, heat and solids. The first 
waste treatment process is called ‘quick lime slaking’ to 
maintain a neutral pH (the effluent has an initial pH of 4—5). 
The primary effluent is sent through a series of settling clar¬ 
ifiers to settle the solids, which then are densified in thickener 
clarifiers. The over spill eventually makes it to the river after a 
bacteria bath in aeration fields. From the clarifiers, the thick¬ 
ened activated sludge is pumped to a mixing basin to obtain 
an even consistency and to add ferric sulfate into the sludge 
for controlling odor. The activated sludge is then introduced to 
the ‘belt dewatering press,’ consisting of two dewatering 
fabrics and shears and presses, to remove water and fines 
which further densifies the solid into a wet-cardboard like 
substance. For improving the dewatering process, a coagu¬ 
lating polymer is added. To help with landfill stability and 
odor, lime dust is added to the final product (PMS). 

The moisture content of the PMS samples as received were 
approximately 67% by mass fraction, requiring immediate 
drying at 105 °C and placement in storage to prevent 
decomposition. 

2.2. Characterization of biomass samples 

PMS samples (before and after pretreatment steps) were 
characterized for its proximate analysis and fiber composi¬ 
tions. Proximate analysis using a thermo gravimetric analyzer 
(TGA) was performed on the biomass and on pyrolysis solid 
product to determine the content of moisture, volatiles, fixed 
carbon, and ash. The instrument used was a TGA from TA 
Instrument (Model TGA Q5000). For each experiment sample 
material was heated to 105 °C and then to 500 °C at a heating 
rate of 10 K min -1 under inert atmosphere to determine the 
moisture and volatile matter content respectively. After the 
weight equilibrium was reached, air was introduced to the 
reactor and temperature was continued raised to 800 °C at 
10 K min -1 to burn off the remaining carbon material to 
determine the amount of fixed carbon and inorganic matters. 

Fiber analysis was performed to determine the composi¬ 
tion of cellulose, hemicellulose, lignin, and inorganic mineral 
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of the biomass materials. Procedure of the analysis was per¬ 
formed by following the USD A method 34]. Hemicellulose and 
lignin samples were isolated chemically from pinewood by 
using the following standard extraction steps: 1) Removal of 
extractives to obtain extractives-free bulk (EFB) by using ASTM 
D1105 standard method [35], 2) Isolation of hemicellulose 
from the EFB by using Wise's Chlorite Method [36], and 3) 
Extraction of lignin (known as Klason lignin) by using the van 
Soest's Method. These methods are commonly accepted as 
standards and have generally been applied to biomass to 
determine amounts of hemicellulose and insoluble lignin 
[19,37,38]. 

To analyze the inorganic minerals in the samples, an 
Inductively Coupled Plasma (ICP) model JY 38 S was used. In a 
typical experiment, 0.1 g of PMS was reacted with 2.5 cm 3 of 
nitric acid at 150 °C for 4 h in sealed metal (stainless steel) 
capsules. The samples were then diluted 1—10 by volume with 
water, filtered through a 0.2 |am syringe filter, and delivered 
into an ICP, which used argon to produce the plasma. Wave¬ 
length intensities were compared to standards to determine 
the mineral's concentration. Calcium, iron, potassium, mag¬ 
nesium, sodium, aluminum, lead, and phosphorous were 
among the minerals studied due to their relevance in biomass 
pyrolysis catalysis. 

2.3. PMS pretreatment processes 

Samples of PMS material were treated by torrefaction and 
combined torrefaction and acid hydrolysis processes. In the 
study, PMS samples were hydrolyzed using phosphoric acid of 
varying mass fractions, i.e. 0, 4, 9, 16, and 20%. In a typical 
experiment, 20 g of dried PMS and 1 L of phosphoric acid so¬ 
lution were added to a 2 L round bottom flask, which was 
placed in an oil bath. The PMS/acid solution mixture was 
boiled for one hour under reflux conditions. After hydrolysis, 
the mixture was filtered to recover the PMS, which was sub¬ 
sequently washed by using deionized water to remove the 
remaining acid solution and then dried in the oven at 105 °C. 
Three replicates were performed for analytical verification. 

The torrefaction step was performed using a tubular 
reactor. The reactor was a stainless steel tube which was 
6.7 cm and 61 cm in diameter and length, respectively. It was 
placed in a BlueM tubular furnace. The reactor was equipped 
with a tubular basket for containing biomass material to be 
torrefied. The basket was made from a thin stainless steel 
tube. It was 6.1 cm and 11 cm in diameter and length, 
respectively. A 40 cm-long holder made of stainless-steel tube 
was used to hold the basket and slide the basket in and out of 
the reactor. A thermocouple used for controlling the reactor 
was inserted to the tube holder. During the torrefaction re¬ 
action, the tip of the thermocouple was located in the center of 
the basket containing biomass, which allowed the measure¬ 
ment of the actual temperature in the center of the reactor. In 
a typical run, approximately 15 g of biomass sample was 
weighed and placed in the reactor basket. The basket was 
placed inside the tubular reactor at the front end outside the 
heating zone to prevent the biomass from decomposing prior 
to operation. Nitrogen gas carrier was introduced to the 
reactor at a rate of 80 cm 3 min -1 . After the gas analyzer 
confirmed that no oxygen was present, the heater was turned 


on to heat the reactor to 220 °C. When the desired temperature 
was reached, immediately the basket containing biomass was 
placed to the center of the reactor by pushing in the basket 
holder. The torrefaction reaction took place for 30 min. Upon 
completion, the furnace was turned off. The reactor was left to 
cool down to room temperature before the sample was taken 
out and weighed. 

2.4. Analytical fast pyrolysis 

Fast pyrolysis experiments were performed by using a 
micropyrolyzer/GC-MS system. It was an analytical pyrolysis 
system (CDS Pyroprobe 5200, CDS Analytical, Oxford, PA, USA) 
connected to a gas chromatograph with mass spectrometer 
(HP 5890/HP 5972). In a typical pyrolysis experiment 0.5-1 mg 
of biomass sample was inserted in a quartz tube then having 
the tube placed in a platinum coiled filament heater which 
allowed the quartz tube ‘reactor’ to be heated to 500 °C at a 
very high heating rate (>1000 K s -1 ) and held for 10 s. During 
this short period of time, biomass decomposed into vapors 
which subsequently were swept out by helium gas carrier 
(50 cm 3 min -1 ) and sent to the GC/MS for analysis through a 
transfer line which was heated at 300 °C. The vapor residence 
time was less than a second. The constituents of the pyrolysis 
vapor were separated through the GC column and then 
identified by the mass spectrometer. 

The method of chromatographic separation of pyrolysis 
products was adapted from Patwardhan et al. [39] using an 
alloy capillary column (Restek RTX-5) with high thermal 
resistance (30 m x 0.25 mm x 0.025 jrm film thickness with 
stationary phase consisting of 5% diphenyl/95% dimethyl 
polysiloxane). In the method, the injector temperature pro¬ 
gram of 300 °C and a gas split ratio 1:100 were used. The GC 
oven temperature began with a 3 min hold at 35 °C followed by 
heating to 130 °C at 3 K min -1 and then 300 °C at 7 K min -1 . To 
evaluate the mass balance of fast pyrolysis process, samples 
were weighed before and after pyrolysis using a Sartorius MC5 
microbalance (5.1 g capacity and readability of 1 jug) to deter¬ 
mine the initial sample weight and the weight of the final 
residual char. 


3. Results and discussion 

3.1. Physicochemical properties analysis 

Results from fiber analysis of the PMS samples are shown in 
Fig. 2 and Table 1. In Fig. 2 the height of the bars indicate the 
mass fractions (dry basis) of PMS samples remaining after the 
pretreatment steps with respect to the initial PMS sample and 
Table 1 shows the relative concentration of the three primary 
components and inorganic minerals. The original/untreated 
PMS initially contained 48%, 32%, 5% and 14% mass fractions 
of cellulose, hemicellulose, lignin, and inorganic minerals, 
respectively. Compared to typical woody biomass, while 
having increased inorganic minerals, PMS is rich in cellulose 
and hemicellulose, with a low amount of lignin. 

All pretreated PMS samples displayed mass loss between 
20 and 30 %, which primarily was attributed to the removal of 
hemicellulose and cellulose to a much lesser extent. 
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Untreated Torrefied 0% H+T 4% H+T 9% H+T 16% H+T 20% H+T 
□ Hemicellulose H Lignin □ Cellulose 0 Inorganics 

Fig. 2 - Mass fractions of PMS material after pretreatments with respect to the original mass of raw biomass (dry basis). 


Torrefaction alone mainly resulted in reductions of hemicel¬ 
lulose. Using combined acid hydrolysis-torrefaction pre¬ 
treatments, hemicellulose was degraded to approximately 
one-third its original mass, independent of the acid concen¬ 
tration. Pretreatment steps resulted in the small loss of cel¬ 
lulose due to degradation. The severity of cellulose 
degradation increased with increased acid concentration used 
in the hydrolysis step. The pretreatment steps on average did 
not seem to affect the content of lignin and inorganic matters 
in PMS. Overall, while causing an overall mass reduction of 
PMS, the pretreatment steps resulted in significant reduction 
of hemicellulose relative concentration along with the in¬ 
crease of relative cellulose percentage. Maximum cellulose 
content of 58.5% was obtained using neutral hydrolysis and 
torrefaction combined pretreatment. 

Results of proximate analysis of PMS samples before and 
after the pretreatment steps are shown in Table 2. The original 
PMS sample contained approximately 52%, 33% and 15% mass 
fraction of volatile matters, fixed carbon, and ash (inorganic 
minerals), respectively. The proximate analysis composition 
indicated the possible maximum yield of bio-oil and gases 
combined (52%) and the minimum yield of biochar (48%) that 
could be obtained from pyrolysis of the original PMS. 

All pretreated PMS samples showed significant reduction 
of the volatile matters content by 25—45%. The severity of 


volatile matter reduction increased with the acid concentra¬ 
tion used in the hydrolysis pretreatment, which was in line 
with the trend of hemicellulose and cellulose decomposition 
reported from fiber analysis. The complementary increase in 
inorganic matter and fixed carbon is expected to correlate to a 
higher yield of biochar coupled with the undesired decrease in 
bio-oil yield. The pretreatments must produce higher-quality 
bio-oil to offset the yield reduction. 

As mentioned earlier, the amount and composition of 
inorganic matters in biomass have strong catalytic effects on 
the yields and selectivity of pyrolysis products. While the 
pretreatment steps did not significantly change overall 
amount of inorganic matters in PMS samples, they strongly 
altered the composition of individual inorganic components. 
The effects of pretreatments on the composition of the 
selected inorganic minerals in dry biomass in PMS are shown 
in Fig. 3. The analyzed minerals included iron, phosphorous, 
calcium, potassium, magnesium, sodium and aluminum, 
components known for significant influence on pyrolytic re¬ 
actions and selectivity. The PMS initially has a high concen¬ 
tration of iron (-650 mg kg -1 ) due to the addition of ferric 
sulfate in the production process to control the odor, with 
smaller percentages of the other studied inorganics. Acid hy¬ 
drolysis treatment showed a significant reduction of iron 
down to -120 mg kg -1 with acid pretreatment at 4%. 


Table 1 - Fiber and inorganic mass fractions of untreated and treated PMS materials (dry basis). 


Mass fraction Untreated Torrefied Acid hydrolysis + torrefaction 





0% h 3 po 4 

4% H3PO4 

9% H3PO4 

16% H3PO4 

20% h 3 po. 

Hemicellulose % 

32.1 ± 3.7 

29.4 ± 0.9 

13.4 ± 3.8 

14.5 ± 6.4 

14.3 ± 1.0 

15.3 ± 4.2 

12.9 ± 3.2 

Lignin % 

5.2 ±0.6 

3.8 ±0.8 

7.8 ±3.1 

10.5 ±0.1 

12.4 ± 2.7 

11.6 ± 4.0 

10.5 ± 1.5 

Cellulose% 

48.4 ± 1.5 

51.3 ±0.7 

58.5 ± 2.0 

52.2 ± 0.9 

50.2 ± 1.8 

49.4 ± 3.9 

44.6 ± 5.5 

Inorganic matter% 

14.4 ± 1.2 

14.8 ± 1.6 

19.1 ± 4.7 

24.8 ± 5.2 

23.6 ± 1.6 

22.0 ± 0.1 

33.3 ± 2.3 
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Table 2 — Mass fractions of volatile matter, fixed carbon and ash of untreated and pretreated PMS materials for combined 
acid hydrolysis with torrefaction PMS (dry basis). 


Mass fraction 

Untreated 

Torrefied 


Acid hydrolysis + torrefaction 





0% h 3 po 4 

4 % H3PO4 

9 % H3PO4 

16 % H3PO4 

20 % H3PO4 

Volatile matter % 
Fixed carbon% 
Inorganic matter % 

52.2 ± 0.8 

33.5 ± 1.8 

14.4 ± 1.2 

52.6 ± 6.6 

32.7 ± 5.9 

14.8 ± 1.6 

39.7 ± 9.1 

41.2 ± 3.2 

19.1 ± 4.7 

29.0 ± 2.4 

45.0 ± 2.8 

24.8 ± 5.2 

30.4 ± 4.5 

46.0 ± 6.1 

23.6 ± 1.6 

28.9 ± 1.8 

49.2 ± 1.9 

22.0 ± 0.1 

20.4 ± 1.0 

46.3 ± 1.3 

33.3 ± 2.3 


Hydrolysis by using acid concentration above 4% did not show 
additional iron content reduction. 

The amounts of minerals naturally present in PMS (Ca, K, 
Mg, Na, P and Al) were not affected by neutral hydrolysis, but 
adding low amounts of acid showed reductions in all the 
selected inorganics, except phosphorus. Hydrolysis treatment 
using acid reduced the content of most components to be 
below 30 mg kg -1 . Minerals that most significantly reduced 
were calcium (69 mg kg -1 to 4 mg kg -1 ) and magnesium 
(6 mg kg -1 to less than 1 mg kg -1 ). The reductions of the other 
minerals were more modest. Following the trend for iron, acid 
hydrolysis using acid with concentration beyond 4% did not 
further reduce the mineral contents. However, the amount of 
phosphorus in acid treated PMS increased due to the adsorp¬ 
tion of the phosphoric acid in PMS. The phosphorus content 
increased sharply with increased acid concentration up to 9% 
before stabilizing, suggesting the saturation of capacity of PMS 
for adsorbing this mineral. 

3.2. Fast pyrolysis analysis 

Fast pyrolysis of untreated and pretreated PMS samples by 
using micropyrolyzer-GC/MS showed that the alteration of 
PMS physicochemical properties had significant impact on the 
distribution of the chemical moieties in the bio-oil product, 


specifically in the enhancement of the selectivity of the pro¬ 
duction of cellulose-derived compounds. Fig. 4 shows the 
distribution of selected chemical components in bio-oil pro¬ 
duced from fast pyrolysis of treated and untreated PMS. Fig. 4a 
shows the chemical moieties that were pooled based on their 
chemical types, i.e. acids, aldehydes, aromatics, carbohy¬ 
drates, ketones and phenolics. The relative concentrations of 
the chemical compounds were calculated based on the inte¬ 
gration areas of the chromatogram peaks of the respective 
compounds divided by total integration areas of all the iden¬ 
tified peaks in the chromatograms. Compared to the bio-oil 
derived from pinewood, untreated PMS bio-oil had signifi¬ 
cantly higher relative concentrations of carbohydrates and 
aldehydes (28% vs. 7% and 18% vs. 9%, respectively) and lower 
concentrations of acids and ketones (4% vs. 28% and 20% vs. 
35%, respectively). The cellulose content in PMS was also 
significantly higher than that of pinewood (56% vs. 39% on dry 
and ash free basis), which could explain the higher sugar 
content in PMS bio-oil. Both pinewood and PMS bio-oil con¬ 
tained lignin-derived phenolic components approximately 
around 23—25 %, which was unexpected since the fraction of 
lignin in PMS was significantly lower than that of pinewood 
(6% vs. 24%). It was worth noting that PMS-derived bio-oil also 
contained aromatic moieties, which typically produced only 
from biomass pyrolysis in the presence of acid catalyst. 



Fig. 3 — Elemental concentrations of selected inorganics (mg kg a ) with respect to the initial biomass mass for untreated and 
pretreated PMS. 
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Fig. 4 — Chemical product distribution of bio-oil produced from fast pyrolysis of treated and untreated PMS materials, (a) 
Relative concentrations of compounds based on chemical groups, (b) Selected compounds representing various chemical 
groups. Relative concentrations calculated based on the MS chromatogram integration area of all identifiable peaks. 


As shown in Fig. 4a, pretreatments of PMS prior to pyrolysis 
significantly altered the chemical product distribution in bio¬ 
oil products by enhancing selective pyrolysis towards the 
productions of carbohydrates. Pretreatment by torrefaction 
alone increased the relative concentration of carbohydrates in 
bio-oil by almost 80%, which was further increased when the 
PMS was subjected to hydrolysis. Hydrolysis without acid and 
with 4% phosphoric acid prior to torrefaction increased the 
relative concentrations of carbohydrates by more than 250% 
and 200%, respectively. The increase of carbohydrates was 
countered by significant decreases of oxygenated compo¬ 
nents, primarily aldehydes, ketones, and phenolics. Hydroly¬ 
sis with higher acid concentration did not further increase 
selectivity to carbohydrates; instead, it increased the pro¬ 
duction of organic acids, which was undesirable. Significant 


formation of aromatics was observed from PMS that was 
treated with acid hydrolysis. Increasing phosphoric acid 
concentration resulted in higher relative concentration of ar¬ 
omatics components, which strongly indicated the catalytic 
effect of phosphoric acid during pyrolysis. 

Relative concentrations of selected chemical components 
from different chemical groups in bio-oil are shown in Fig. 4b. 
Levoglucosan (LG) was the primary carbohydrate product 
from pyrolysis of PMS samples that were pretreated without 
hydrolysis and with neutral hydrolysis prior to torrefaction. 
LG is the most important pyrolysis product derived from cel¬ 
lulose which has found uses in industry. The relative con¬ 
centration of LG was the highest with hydrolysis without acid 
treatment, which was more than 500% higher than that of bio¬ 
oil from untreated PMS pyrolysis. The selectivity of cellulose 
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Fig. 5 - Yield and proximate analysis composition of the biochar produced from fast pyrolysis of untreated and treated PMS 
materials, (a) Biochar mass fractions with respect to the mass of original pyrolyzed PMS materials on dry basis, (b) Mass 
fractions of volatile matter, fixed carbon, and ash in biochar. 


decomposition changed towards the production of levoglu- 
cosenone (LGO) with the addition of phosphoric acid for hy¬ 
drolysis. Levoglucosenone is another important product 
derived from cellulose that has value in specialty chemicals. 
LGO is formed from pyrolysis of cellulose in the presence of an 
acid catalyst formed by a double dehydration reaction [40]. 
The diminishing presence of LG as LGO was formed seems to 
confirm the mechanism of the formation of LGO from cellu¬ 
lose decomposition via LG [41]. As shown in Fig. 4b, the for¬ 
mation of LGO increased significantly with the addition of acid 
up to 4%, at which point the relative concentration of LGO 
showed minimal change with increasing acid concentration. 
Compared to that in bio-oil from untreated PMS, the concen¬ 
tration of LGO from this pretreated PMS was 1700% higher. In 
addition to sugars, noticeable changes in other components 
included the increase presence of toluene and furfural and the 


decrease presence of phenol, which took place by the addition 
of acid in hydrolysis. 

In addition to bio-oil, biochar is another important product 
from pyrolysis of PMS. Biochar is the solid product of fast 
pyrolysis, which only recently has gained attention for its 
economic value. While biochar can also be valued as a fuel due 
to its energy content, research has shown that biochar appli¬ 
cation to increase soil organic carbon (SOC) and improve the 
supply of nutrients to plants, enhancing plant growth and soil 
properties, maybe economically preferred [20,21]. The carbon 
component in biochar is primarily fixed in aromatic form, 
making it resistant to decomposition as a soil amendment as a 
carbon sequestration agent [22]. 

Similar to the bio-oil product, the physicochemical prop¬ 
erties and composition of biochar also vary depending on the 
biomass feedstock and the conditions of the pyrolysis used for 
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producing the biochar [23]. The yields of biochar products with 
respect to the corresponding pyrolyzed PMS and the compo¬ 
sition of biochar produced is presented in Fig. 5a and Fig. 5b, 
respectively. Pyrolysis of untreated PMS produced biochar at 
approximately 40% yield, consisting of 5%, 60%, and 35% of 
volatiles, fixed carbon, and inorganic mineral respectively. 
Pretreatment of PMS by neutral hydrolysis followed by torre- 
faction resulted in biochar product with lower volatile matter 
content. Addition of phosphoric acid during hydrolysis 
significantly increased char yield by more than 50%. The in¬ 
crease was primarily due to the prevalence of fixed carbon 
coupled with the reduction in volatile matter. Low volatile 
matter with high fixed carbon in biochar from PMS indicates 
that the biochar may be suitable as a soil amendment. How¬ 
ever, concerns about leaching of inorganics retained in bio¬ 
char require the significant inorganic content in PMS to be 
studied to understand any potential negative environmental 
consequences prior to commercial application of biochar from 
PMS as a soil amendment. 


4. Conclusions 

The potential of paper mill sludge (PMS) as a biomass feed¬ 
stock for bio-oil and biochar production has been explored 
through subjection to acid hydrolysis and torrefaction pre¬ 
treatments to alter the physicochemical properties. Although 
reducing the overall yields of bio-oil, the combined pretreat¬ 
ment processes improved the quality of bio-oil by increasing 
reaction selectivity towards production of cellulose-derived 
carbohydrate compounds and reducing acid, aldehyde, and 
ketone content. The major carbohydrate component from fast 
pyrolysis of acid-pretreated PMS was levoglucosenone; under 
neutral hydrolysis, levoglucosan predominated. Using com¬ 
bined 4% acid hydrolysis and torrefaction, levoglucosenone 
production was maximized at an increase of 17 times along 
with a combined reduction of acids, aldehydes, and ketones 
from 21 % to 11 %, creating a higher-quality bio-oil. With the 
exception of increasing the presence of aromatics, pretreat¬ 
ment by using phosphoric acid with concentration higher 
than 4% did not seem to significantly alter the composition of 
the chemical moieties in bio-oil products. Finally, the biochar 
byproduct, which was produced in large yield, has the po¬ 
tential to be used as valuable soil amendment. 
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